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Abstract 


The  spiral  line  recirculating  induction  accelerfS 
ator  (SLIA)  is  a  compact,  lightweight  electron  accelfei 
erator,  designed  to  produce  high  current  (£  1  kA), 
high  energy  (£  50  MeV)  and  moderate^toShigh  quality 
electron  beams  with  macropulse  widths  up  to  several 
microseconds.  The  SLIA  is  an  open-ended  spiral  confi¬ 
guration  in  which  the  electron  beam  recirculates  in 
separate  transport  lines  (£  20)  passing  through  a  com¬ 
mon  ferrite  core  accelerating  section  with  high  gain/ 
pass  (~  10  MeV),  resulting  in  effective  accelerating 
gradients  in  the  100  MV/m  range.  A  toroidal  field 
threads  the  transport  lines  for  space  charge  confines 
ment  and  suppression  of  instabilities.  In  the  bends, 
a  vertical  field  turns  the  beam  and  a  strong  focussing 
field  (1=2  stellarator)  provides  tolerance  to  field 
errors  and  an  energy  bandwidth  desirable  with  high 
gain/pass.  The  magnetic  fields  throughout  the  tran¬ 
sport  system  are  static  over  the  beam  macropulse  thus 
allowing  very  low  field  errors  and  precise  control  of 
the  magnetic  fields. 

A  Phase  I  experimental  and  theoretical  program  is 
now  underway  at  PSI  to  investigate  key  physics  issues 
regarding  energy  bandwidth,  control  of  emittance 
growth  and  electromagnetic  instabilities.  General 
purpose  low  voltage,  modular  capacitor  banks  consist¬ 
ing  of  twenty^four  1.4  mF,  450  V  electrolytic  capaci¬ 
tors  were  chosen  as  the  energy  source  for  the  magnet 
coils.  Low  voltage  banks  avoid  insulation  problems 
with  the  small  spacings  required  between  the  various 
coil  windings  in  the  SLIA.  With  minor  modifications, 
the  capacitor  banks  can  be  connected  in  parallel  or 
series  to  accommodate  the  widely  varying  inductances 
and  resistances  encountered  in  the  experiments.  The 
bank  design  is  based  on  discharge  current  and  voltage 
reversal  characteristics  determined  in  tests  performed 
at  PSI  on  electrolytic  capacitors.  Designed  around 
the  state-of-the-art  power  semiconductors  (SCR's  and 
diodes),  the  banks  are  easily  serviceable  and  inexpen¬ 
sive  to  construct. 


The  design  for  the  capacitor  control/data  acqui¬ 
sition  system  and  the  nine  capacitor  banks  required 
for  the  Phase  I  experiments  are  presented.  Test  data 
to  date  is  presented  on  the  capacitor  bank  design,  and 
the  applicability  of  computer  controlled  capacitor 
banks  to  compact  accelerator  concepts  is  discussed. 
Cost  data  and  reliability  of  the  banks  is  also 
reported. 

INTRODUCTION 

The  ongoing  Phase  I  program  consists  of  a  180° 
beam  bending  and  transport  experiment.  ’2  A  nominal 
1  MeV,  1  kA,  100  ns  electron  beam  is  injected  into  a 
3.6  m  transport  line  with  a  180°  bend  radius  of  0.5  m. 
The  program  is  intended  to  provide  the  information  re¬ 
quired  for  scaling  to  a  multipass  induction  cavity 
experiment  (3  pass  with  3  MV/pass  in  Phase  II). 
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Stellarator,  guide/toroidal,  matching  and  verti¬ 
cal  field  coils  are  required  to  extract,  transport, 
and  bend  the  beam.  Nominal  magnetic  field  amplitudes 
are  5  kG  for  the  guide/toroidal,  2.5  kG  for  the 
matching,  and  100  G  (Phase  I)  to  500  G  (Phase  II  ex¬ 
periments)  for  the  vertical  field.  The  on**axis  quad- 
rupole  field  gradient  is  525  G/cm.  The  field  winding 
inductances,  resistances,  and  currents  range  from 
23.5  pH  to  270  pH,  0.020  Q  to  0.057  Q,  and  500  A  to 
7  kA  respectively.  Precise  control  of  the  magnetic 
fields  is  required  to  avoid  field  mismatches  which 
lead  to  emittance  growth  and  loss  of  beam  electrons. 

MODULAR  BANK  DESIGN 

Nine  capacitor  banks  (fifteen  modules  total)  are 
required  for  the  Phase  I  experiments.  There  are  a 
total  of  fourteen  field  winding  configurations  in  the 
experimental  transport  system.  General  purpose  450  V, 
3.4  kJ  capacitor  bank  modules  have  been  developed  to 
meet  this  wide  range  of  circuit  parameters.  Tradit¬ 
ional  designs  for  capacitor  banks  have  conservatively 
tailored  each  capacitor  bank  to  its  particular  load. 
Ultimately  this  results  in  high  design  and  fabrication 
costs,  with  banks  limited  to  one  type  of  load.  New 
state-of-the-art  high  voltage  diodes  and  SCR's  allow 
versatile  banks  to  be  easily  designed  and  built. 

Based  upon  preliminary  high  current  tests  performed 
at  PSI,  a  versatile  design  for  a  high  current  SCR 
switched  capacitor  bank  is  presented.  Designed  to 
operate  as  an  individual  capacitor  bank  or  in  series 
or  parallel,  the  module  has  been  designed  for  30  kA 
peak  current  operation.  Operated  in  series,  the 
capacitor  bank  modules  has  been  tested  reliably  at 
peak  currents  of  15  kA  (10* 90 it  current  risetime  of 
312  ps).  The  final  bank  design  is  modular  allowing 
easy  construction.  The  modules  are  fully  protected 
and  will  operate  at  up  to  40?  voltage  reversal. 

The  magnet  windings  require  small  spacings  to 
avoid  excessive  drive  currents.  Thus  to  avoid  insul¬ 
ation  problems,  voltages  below  2  kV  were  necessary. 
Electrolytic  banks  were  selected  because  of  their  low 
voltage  characteristics  to  meet  these  requirements. 

In  addition,  electrolytic  banks  are  well  documented 
and  their  operating  characteristics  do  not  degrade  for 
5-10  years.  ’ 

Commercial  electrolytics  presently  have  a  rela¬ 
tively  high  energy  density  of  about  141  J/lb  and 
research  indicates  that  energy  densities  greater  than 
3500  J/lb  are  possible  for  mobile  or  space  based 
systems  of  the  future.  Electrolytics  are  also  appli¬ 
cable  to  rep-rate  systems  which  operate  at  tens  of 
pulses  per  second.  Present  cost  of  about  9  cents  per 
joule  coupled  with  their  high  energy  density  make  them 
attractive  as  an  alternative  to  high  voltage  capacitor 
banks. 

The  final  capacitor  bank  module  incorporates  24 
each,  1.4  mF,  450  V  capacitors  (Sprague  36  Dx)  (Figure 
1 ).  Although  larger  capacitors  are  currently  avail¬ 
able,  design  tradeoffs  show  that  under  normal  opera¬ 
tion  the  peak  operational  current  should  be  kept  below 
300  A  per  capacitor.  Although  the  initial  Phase  I 
experiments  will  be  conducted  at  low  rep-rates  of 
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approximately  one  shot  every  10  minutes,  eventual 
upgrade  to  much  higher  rep-rates  may  be  required. 
Internal  dissipation  of  less  than  10^20  W  per  capaci- 
tor  is  required  for  long  lifetime  and  reliable  operas 
tion.  In  addition,  the  96  internal  resistance  of 
each  capacitor  requires  a  large  number  of  capacitors 
to  keep  the  total  output  resistance  of  each  capacitor 
bank  module  below  5  mSl. 


Figure  1.  Photo  of  one  bank  module  before  final 
chassis  assembly. 


The  final  bank  module  design  along  with  protec¬ 
tion  circuits  is  shown  in  Figure  2.  The  capacitor 
banks  are  self-contained  except  for  power  supplies. 
Protection  circuits  along  with  trigger  circuits,  vols 
tage  and  current  monitors  are  also  included  in  the 
design.  The  module  is  switched  by  a  Phase  Control 
SCR,  WESTCODE  P300CH1 2F2K0.  Free  wheeling  high  cur¬ 
rent  diodes,  WESTCODE  SW12CXC805,  are  used  to  limit 
voltage  reversal  across  the  capacitors.  Even  though 
voltage  reversal  does  not  seem  to  significantly  affect 
the  lifetime  of  the  bank  under  short  term  tests,  an 
operational  lifetime  of  five  years  is  required.  Thus 
inexpensive  protection  in  the  form  of  free  wheeling 
diodes  has  been  designed  into  the  banks. 


Figure  2.  Schematic  of  capacitor  bank  module  con¬ 
figured  for  independent  operation. 

To  prevent  large  overvoltage  of  the  banks,  the 
voltage  across  the  capacitors  is  limited  to  600  V  by 
high  current,  fast  turn-on  transzorbs  (General  Semi¬ 
conductor  1.5KE300A).  To  prevent  transients  from 
damaging  the  power  supply,  a  diode  ( 1 N-400 1 )  and  a  50  C 
wire  wound  resistor  in  series  with  the  charging  path 
was  designed  into  the  circuit.  Note  .that  the  resistor 
does  not  provide  current  limiting,  rather  the  power 
supplies  can  be  programmed  to  limit  the  charging  cur¬ 
rent.  Under  normal  operation  in  the  Phase  I  experifi 


ments,  the  banks  will  only  be  required  to  supply  about 
7500  A.  However,  future  experiments  may  require  oper- 
ating  currents  in  excess  of  15  kA.  Thus  all  compo¬ 
nents  have  been  conservatively  selected  to  reduce 
premature  failure,  and  insure  reliable  SCR  triggering 
even  under  high  current  operation  and  fast  risetime 
operation.  To  facilitate  fast,  reliable  turn  on  of 
the  SCR,  a  300  ns  risetime  (10H90)  6  V  gate  pulse  is 
used  to  trigger  the  SCR.  The  gate  pulse  is  maintained 
for  about  8  ys. 

Electrolytic  capacitor  banks  unfortunately  have 
one  disadvantage.  Because  of  their  high  output  cap? 
acitance  their  current  risetime  into  even  the  moderate 
field  winding  inductances  is  severely  limited.  The 
current  risetime  can  be  reduced  either  by  reducing  the 
winding  inductances  or  by  reducing  the  capacitance  of 
the  electrolytic  banks  and  increasing  their  operating 
voltage.  Series  operation  (charging)  is  well  known 
for  increasing  the  risetime  and  voltage  output  of 
electrolytic  banks.  In  order  to  avoid  designing  and 
constructing  different  types  of  banks,  the  design 
developed  allows  for  series  operation  of  banks  with 
only  very  minor  modifications. 

The  capacitor  bank  modules  are  built  in  modular 
form,  Figure  1,  and  then  installed  into  a  chassis. 

Each  module  is  floated  in  the  chassis  using  G«10 
sheets.  This  allows  either  single  point  grounding  or 
floating  of  the  module  Inside  the  chassis  with  the 
simple  removal  of  a  bracket.  The  banks  can  then  be 
connected  in  series  to  accommodate  the  wide  variation 
of  circuit  parameters.  Note  that  additional  surge 
protection,  series  resistance  in  the  free  wheeling 
diode  circuit  and  charging  path  circuits  are  required 
for  series  operation  (Figure  3).  The  surge  protection 
is  required  for  SCR.  In  case  of  a  fault,  the  final 
output  SCR  could  easily  be  overvoltaged.  The  trans¬ 
zorbs  placed  across  the  SCR  prevent  damage  by  clamping 
the  voltage  across  the  SCR.  A  100  pH  high  current 
inductor  along  with  a  20  Q  resistance  is  added  to 
provide  a  charging  path  for  the  floated  bank.  Addi¬ 
tionally,  the  inductor/resistor  combination  provides  a 
holding  current  path  for  the  grounded  bank's  SCR.  The 
grounded  banks  output  switch  (SCR)  may  fire  before  the 
series  bank  (in  a  fault).  If  a  current  path  is  not 
provided,  the  SCR  would  shut  off  prematurely  creating 
additional  faults. 


2k1.S  KE300A 


Series  operation  of  high  current  electrolytic 
banks  has  several  implications.  Series  operation  of 
450  V,  electrolytic  banks  allow  presently  available  If* 
2  kV  solid  state  switches  to  be  used  as  a  replacement 
for  ignitrons.  This  affords  longer  lifetime  and  lower 
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maintenance  capacitor  banks.  Note  that  series  opera¬ 
tion  of  the  modules  is  not  limited  to  two.  The  trig¬ 
ger  electronics  provide  5  kV  isolated  triggers,  thus 
allowing  seriesing  of  up  to  ten  banks,  with  several 
minor  component  changes. 

HIGH  CURRENT  OPERATION  OF  ELECTROLYTICS 

Two  experiments  performed  at  PSI  showed  that  pre¬ 
sently  available  electrolytics  are  able  to  operate 
under  high  current  discharge  conditions  and  voltage 
reversal.  The  first  test  utilized  in-house  2.1  mF, 

300  VDC  (Sprague  360  Dx)  electrolytics,  similar  to 
the  capacitor  used  in  the  final  capacitor  banks. 

The  2.1  mF  capacitor  was  first  formed  by  slowly 
raising  the  charge  voltage  over  5  minutes  to  300  VDC. 
The  full  voltage  was  then  left  on  the  capacitor  for  10 
minutes.  Leakage  currents  after  forming  were  reduced 
to  below  1  mA  levels.  After  conditioning,  the  capac¬ 
itor  was  discharged  into  a  12  pH,  157  mfl  load. 

Even  after  100  shots  at  risetimes  to  peak  of  200 
us  and  peak  currents  of  3300  A  through  an  individual 
capacitor,  the  test  capacitors  showed  no  degradation. 
Previous  literature  had  reported  similar  results  using 
electrolytics  manufactured  in  the  1960's.  A  second 
set  of  tests  using  the  2.1  mF  capacitors  electrolytics 
was  devised  to  assess  the  impact  of  current  and  volB 
tage  reversal.  After  forming,  a  2.1  mF  capacitor  was 
discharged  into  a  3  mil,  12  pH  load.  Current  reversals 
of  20?  were  noted.  However  no  sign  of  degradation  was 
noted  even  after  20  test  shots.  Reported  tests  on 
similar  electrolytics  had  shown  that  voltage  (pulse) 
reversals  of  50®60?  do  not  degrade  electrolytics  even 
after  2000  shots.  These  facts  have  several  important 
consequences.  Under  fault  mode  conditions  an  electro¬ 
lytic  bank  may  be  required  to  survive  fault  currents 
10^100  times  normal  operation  yet  still  operate  reli- 
ably.  Because  of  their  high  internal  ESR,  50-M00  mil 
typical,  the  surge  currents  are  effectively  limited  if 
the  output  of  the  bank  is  shorted.  However,  if  voltage 
reversal  does  occur  under  short  circuit  conditions,  no 
significant  damage  to  the  capacitors  results.  In 
addition,  if  a  capacitor  is  shorted,  voltage  reversal 
on  the  capacitors  would  be  unlikely  due  to  the  high  ESR 
per  capacitor. 

SCR  SELECTION 


full  conduction  across  the  device  will  result  in  15 
ps.  Please  note  that  no  characterization  of  turn-on 
time  versus  varying  gate  voltage  or  current  has  been 
found  in  the  literature.  In  fact  most  manufacturers 
suggest  using  approximately  3-5  times  the  required 
gate  current  to  trigger  the  large  phase  control  SCR's. 
In  addition,  the  subcycle  charts  have  been  found  to  be 
accurate  when  extrapolated  to  the  ten's  of  microsec¬ 
onds  range.  Previous  rep-rate  experience  has  confir¬ 
med  the  extrapolated  current  parameters  showing  that 
if  proper  heatsinking  is  used  the  designer  can  in  fact 
exceed  the  device  rating  a  factor  of  two  over  even  the 
scaled  subcycle  surge-rating. 

One  example  of  the  scaling  of  SCR's  is  the  opera¬ 
tion  of  the  WESTCODE  P300CH12F2KO  at  higher  currents 
than  specified.  The  Westcode  diode  is  rated  at  about 
1 1 20  A  during  normal  8.3  ms  conduction.  During  surge 
currents  the  device  is  rated  at  10.45  kA  for  10  ms 
conduction  times  when  no  voltage  reversal  is  present. 
Calculations  show  that  the  device  will  carry  20  kA  for 
2  ms,  and  30  kA  for  100  ps.  Actual  experience  has 
shown  that  typically  even  these  surge  current  ratings 
can  be  exceeded  if  the  A^s  product  is  not  exceeded. 

In  either  single  shot  or  rep-rate  applications 
the  A^s  product  conducted  by  the  device  should  be 
computed.  The  A^s  is  the  fusing  capability  of  the 
junction.  Several  applications  have  shown  that  the 
A^s  used  by  the  manufacturer  is  conservative  and  can 
be  exceeded  by  a  factor  of  two  to  three  in  single  shot 
applications.  Most  manufacturers  assume  an  initial 
junction  temperature  of  125°C.  The  manufacturer  then 
does  a  thermal  calculation  to  find  the  final  junction 
temperature.  For  single  shot  junction  temperatures, 
the  junction  temperature  may  rise  as  high  as  350°C. 
Inherently  for  rep-rate  conditions,  the  junction  tem¬ 
perature  should  not  exceed  300°C.  The  dl/dt  ratings 
of  the  device  depend  heavily  upon  the  voltage  held  off 
by  the  SCR.  Similarly,  if  saturable  inductors  are 
used  to  prevent  current  conduction  during  the  turn“on 
time  of  the  device,  the  dl/dt  ratings  can  easily  be 
exceeded. 

CONTROL  SYSTEM 

A  computer-camac-controlled  system  was  selected 
for  precise  control  and  monitoring  of  the  capacitor 
banks  (Figure  4).  Nine  capacitor  banks  (fifteen 


The  selection  of  the  high  voltage,  high  current 
SCR's  is  not  straightforward.  A  brief  synopsis  illusf 
trates  some  of  the  trade-offs  encountered  in  the  seS 
lection  process.  Previous  experience  with  both  single 
shot  systems  and  repHrate  systems  show  that  most  pulse 
power  applications  can  safely  operate  SCR's  and  high 
current  diodes  at  several  times  their  specific  60  Hz 
surge  current  ratings.  Both  General  Electric  and 
Westinghouse  (now  Powerex)  have  subcycle  surge  current 
rating  charts  (based  on  empirical  data)  which  scale 
the  ratings  down  to  the  0.1  msec  range.  In  princi- 
pie,  scaling  assumes  two  facts.  The  first  assumption 
is  that  the  mechanical  construction  (leads,  internal 
bonds)  of  the  SCR  will  survive  the  higher  currents  and 
associated  forces.  In  addition,  the  SCR  gate  layout 
of  the  device  significantly  impacts  the  turn-on  time 
of  the  device.  The  power  dissipated  by  a  solid  state 
device  determines  the  final  junction  temperature,  thus 
conduction  over  the  full  surface  during  the  turn-on 
time  is  required  for  reliable  operation.  Primarily, 
the  SCR's  marketed  for  phase  control  applications  are 
center-fired  (e.g.  WESTCODE  P300  series).  The  gate  is 
in  the  center  of  the  device  and  the  trigger  signal 
propagates  concentrically  outward.  Typical  lateral 


propagation  velocities  of 
carriers)  are  104  cm/sec 


the  trigger  signal  (charge 
for  phase  control  devices.^" 


If  a  30  millimeter  diameter  die  is  used  in  the  SCR, 


Figure  4.  Camac  crate  based  control  and  diagnostic 
system. 
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modules)  were  designed  for  operation  with  separate 
power  supplies  and  diagnostics.  The  commercial  camac 
modules  and  software  allow  remote  control  and  moni¬ 
toring  of  the  individual  banks.  Adjustment  of  the 
charge  voltage  to  better  than  1?  is  expected.  Voltage 
and  current  monitoring  of  the  banks  has  been  imple¬ 
mented,  and  actual  simultaneous  testing  and  checkout 
of  the  full  system  awaits  arrival  of  the  magnets. 
Implementation  of  remote  voltage  programmability  via 
DAC  camac  modules  is  under  development. 

TESTING 


The  fifteen  capacitor  bank  modules  constructed 
for  the  required  nine  capacitor  banks  have  been  tested 
individually  and  in  a  series  connected  pair.  Due  to 
the  long  lead  time  encountered  in  their  magnet  winding 
manufacture,  the  nine  banks  required  testing  into  a 
dummy  load.  The  33  mF  capacitor  bank  modules  were 
discharged  into  a  35  tnfl  a  21  pH  load.  At  450  V  charge 
voltage  the  bank's  discharge  current  was  7.5  kA 
Figure  5).  The  current  risetime  was  620  ps  with  dl/dt 
=  16  A/ps.  All  fifteen  modules  were  exceptionally 
reliable  when  tested  in  the  2S3  ms  damped  discharge 
mode.  A  total  of  about  300  shots  were  fired  during 
testing.  One  bank  was  tested  for  about  100  shots.  No 
reliability  problems  were  noted  during  the  tests. 


Voltage  across  200  V/dtv  Current  thru  2500  A/dlv 

the  load:  SOOps/dlv  the  load:  500  ps/div 

Figure  5.  Discharge  of  single  capacitor  bank 
module  into  test  load;  V  ^  =  450  V. 

A  series  connected  pair  was  discharged  in  the 
same  35  mil  to  21  pH,  resistive/inductive  load.  The 
bank  was  tested  at  15  kA  (full  charge  voltage  V  = 

450  V) ;  peak  currents  to  assess  the  reliability  of  the 
bank  (Figure  6).  Note  that  even  though  the  SCR  con¬ 
ducted  currents  of  15  kA  which  specifically  exceeds 
their  8.3  ms  surge  current  rating  of  10.5  kA  no  prob« 
lems  were  noted.  In  addition  each  SCR  transferred 
1  4.8  Coulombs  and  6.8  kJ  per  shot. 


grounded  bank) 

Bottom  Trace: 
(voltage  across 
load) 


load) 


450  V/div 
500ps/dlv 


Figure  6.  Discharge  of  two  series  connected  cap¬ 


acitor  banks  into  test  load;  V 


ch 


900  V. 


CONCLUSION 

The  capacitor  bank  modules  operated  reliably  as 
designed.  Both  electrolytic  capacitors  and  SCR 
switched  banks  offer  an  attractive  design  option  to 
the  capacitor  bank  designer.  To  summarize  the  oper¬ 
ating  characteristics  of  the  SCR  switched  bank  capabi¬ 
lities  available,  the  significant  operational  para¬ 
meters  of  the  banks  are  listed  in  Table  1.  Both  the 
Coulomb  capability  and  energy  capability  of  present 
silicon  controlled  rectifiers  are  impressive  when 
compared  against  ignitrons.  This  affords  a  unique 
design  capability  to  pulse  power  engineers  designing 
lightweight  high  current  systems. 


Table  1.  Summary  of  risetimes,  charge  and  energy 
transfer,  through  SCR. 


Risetime  (10-90) 
Voltage 

1F  (pulse  current) 

lTSM  <sur9®  current) 
(or  actual  operating 
current) 

Energy  per  pulse 
Coulomb  Transfer 
ax/at 


SCR  Specification 
(60  Hz  Operation) 

NA 

1200  V 
1.18  kA 
10.5  kA 

NA 

NA 

1000  A/ps 
5.46  x  105 


Single  Module 
Test _ 

620  ps 

450  V 

NA 

7  kA 

3.4  kJ 
14.85  C 
16.5  A/ps 
84.3  x  104 


Two  Seriesea 
Modules 

312  ps 

900  V 

NA 

15  kA 

6.8  kJ 
14.85  C 
24  A/ps 
3.34  x  105 


NA  =  not  applicable 
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